GRICULTURAL crops are most vulnerable to damage by blowing soil immediately after seeding and during early growth (Lyles and Woodruff 1960, Skidmore 1966 ). Damage ranges from "blowouts" before emergence to complete destruction by abrasion after emergence.
The risk of damage from windblown soil prevents direct seeding of tomatoes in some areas. (Wittmeyer 1974) One feasible approach toward preventing wind erosion for 5 to 7 wks (or until the crop establishes a canopy to protect the soil surface) is to spray the soil surface at seeding time with commercially available stabilizers.
In a field study Lyles et al. (1969) , evaluating four materials soon after application, showed that per-acre costs could be reduced by using higher water-dilution ratios at manufacturers' recommended total volumes, or by using lower total volumes at recommended dilution ratios and applying the material with fine-spray nozzles. Armbrust and Dickerson (1971) , who tested 34 materials in the laboratory, used recommended water-dilution ratios but tested lower total volumes applied through fine-spray nozzles. Because of plugging, finespray nozzles could not be used with some of their products. They suggested six stabilizers, based on certain criteria, that would cost $50 or less per acre (material cost only) and provide temporary wind-erosion control.
Our study extends previous research by including rainfall effects in laboratory-screening tests and by including field trials of selected soil stabilizers found effective in laboratory tests. 
PROCEDURE

Laboratory Tests
Laboratory tests were made to determine maximum water-dilution ratios and minimum total volumes that would prevent soil movement by wind. "Water-dilution ratio" is defined as the parts of water we added to each part of the material received from the supplier, regardless of the material's water content when manufactured. Test materials are given in Table 1 . The first six stabilizers are those recommended by Armbrust and Dickerson (1971) . All the products are liquids except CMC-7H and CMC-7HC, which are dry powders.
The test soil, a highly erodible sand (90 percent sand, 6 percent silt, and 4 percent clay), was placed in trays 6.5 in. wide, 58.5 in. long, and 1.75 in. deep. After smoothing the surface, stabilizers were applied through a single tee jet, even-spray nozzle. Application volume was controlled by nozzle size and height above tray and by varying the tray speed as it passed under the fixed nozzle. After air drying, the soil trays were exposed for 5 min in a wind tunnel at a free-stream velocity of 31 mph, and soil loss was determined by weighing.
To test effects of rainfall on the persistence of the stabilizers, soil trays were sprayed with stabilizer, air-dried, and exposed in a raintower for 1 hr to rainfall intensities of 0.69 and 2.14 in. per hr. After oven drying at 120 F, the trays were exposed in the wind tunnel as before.
We conducted emergence tests using four stabilizers and 10 bean or alfalfa seeds per greenhouse pot. After seeding, soil in pots was sprayed with stabilizers, and soil was allowed to wet by capillarity. TRANSACTIONS of the ASAE -1974 t No prior rainfall exposure; 100 gal per acre total volume. $ Exposed to 0.69-in. per hr rainfall for 1 hr; 100 gal per acre total volume. § Exposed to 2.14-in. per hr rainfall for 1 hr. II Number in parenthesis is required total volume in gal per acre. * Unknown. ** Not tested.
Selected soil stabilizers were used in field tests at site 1, near Abilene, Kansas, in 1971 and 1972; at site 2, near Wamego, Kansas, in 1971; and at site 3, near Manhattan, Kansas, in 1972 and 1973. Soil at site 1 was loamy sand (84 percent sand, 9 percent silt, and 7 percent clay); at site 2, sand (90 percent sand, 4 percent silt, and 6 percent clay); and at site 3, loamy sand (82 percent sand, 14 percent silt, and 4 percent clay). The crop involved at site 1 (both years) and at site 3 in 1972 was Crimson Sweet watermelons; that at site 2 was alfalfa. Recommended preemergence herbicides for weed control in melons, bensulide and naptalam (Morrison et al. 1972 ), were applied 7 to 10 days before seeding, and soil stabilizers were applied immediately after seeding.
Soil stabilizers were applied with an agricultural sprayer using a fairly high volume centrifugal pump and 8040 tee jet nozzles operating at 40 psi pump pressure or with a pressurized tank and boom using the same nozzles and pressure. Stabilizer treatments at sites 1 and 2 were not replicated. We used three replications per treatment in a randomized complete block design in the field tests at site 3.
To determine soil losses from each treatment, we made portable windtunnel tests at site 3 (6 or 7 wks after application), using 4-min runs at free-stream velocities of 36 mph. Amounts lost were determined from two modified Bagnold catchers, each sampling a 3/8-in. width of soil flow from the 30-ft-long wind-tunnel test section. No wind-tunnel tests were made at sites 1 and 2.
RESULTS AND DISCUSSION
Laboratory tests
The near minimum needed to cover a smooth, flat surface when using finespray nozzles is 100 gal per acre total volume. Maximum water-dilution ratios that prevented soil movement are presented in Table 2 . The Polyco products and the SBR Latex are not included because, when diluted with city water, some of the solids precipitated, gummed the roller pump, and plugged the nozzles. We did not en- counter this problem when we used distilled water. When the stabilizers (except Rezosol) were exposed to low-intensity rainfall, lower water-dilution ratios were required to prevent erosion (Table 2) . When the stabilizers were exposed to high-rainfall intensity, either lower water-dilution ratios or higher total volumes (or both) were required to prevent erosion ( Table 2) .
The water-repellency characteristics of some stabilizers are shown in Table  3 . Although petroleum-based products repelled waterdrops applied directly at the surface, falling raindrops penetrated all stabilizer-treated surfaces on impact. Water does not "clean up" the substance that deposits and adheres to the walls of containers, pumps, etc from C.A.N.E. AR 105, asphalt emulsion, Coherex, and Petroset. CMC-7H and 7HC (dry powders) do not dissolve readily, which severely restricts their use in agricultural field applications.
Emergence of beans and alfalfa from pots treated with several stabilizers was not significantly different from that from untreated (control) pots (Table 4) .
Field Tests
Because preemergence herbicides failed, no valid tests of the stabilizers were obtained at site 1. The herbicides used gave excellent control of grassy weeds, but poor control of broadleaf weeds. They had no effect on puncturevine (Tribulus terrestris L.) which almost covered the soil surface and necessitated mechanical cultivation to save the melon crop. That terminated our tests. Strong winds blew for 5 days, beginning 6 days after we applied stabilizers. Windspeeds measured at 5 ft above the soil surface ranged from 20 to 29 mph. Petroset failed on the third day, Wicaloid Latex failed on the fourth day, and the Coherex plot was covered by creeping soil and abraded by saltation from upwind areas by the fifth day.
Soil losses from wind-tunnel tests (site 3 1972) were not statistically different among the stabilizer treatments and control (Table 5 ). However, average soil losses were lower for stabilizer-treated plots, and the effect of water dilution was indicated by lower average losses from 4:1 than from 9:1 dilutions of asphalt emulsion. All soil losses were too large to consider the treatments effective.
In spring 1973 tests at site 3, 30 days after application, winds gusting to 67 mph (from Weather Bureau reports) essentially stripped stabilizers and loose soil from the plot surfaces, and no valid wind-tunnel measurements were possible. We did learn that Ammonium Lignosulfonate was water-soluble after application and drying because the soil surface color, which darkened during application, disappeared after rainfall. Consequently, the type of Ammonium Lignosulfonate we used would not be effective for temporary wind-erosion control.
Another trial in summer 1973 at site 3 showed wind-tunnel soil losses were significantly reduced by soil stabilizers in 6 of 7 treatments (Table 6 ). Our attempt to increase the flexibility of asphalt emulsion (which ordinarily oxidizes, becoming hard and brittle as weathering proceeds) by adding small amounts of Wicaloid Latex or TRIDAR 33/1 did not reduce soil losses more than treatments in which those products were omitted.
A final trial in early fall 1973 at site 3 indicated soil losses from all stabilizer-treated plots were significantly lower than losses from control plots ( Table 7) . TRI-DAR 100 is a more concentrated form of TRI-DAR 33/1. The TRI-DAR 100 mixed with Coherex-an attempt to improve the effectiveness of Coherex (a less expensive product)-did not reduce the average soil loss significantly more than Coherex alone.
Practical Considerations
Quantitative interpretation of the data requires information on rates of soil movement considered damaging (for a particular situation) and on the degree of control to be attained. Hayes (1966) estimated that tolerances of vegetables to blowing soil ranged from 0 to 1 ton per acre per year (Table 8) . Such levels of soil losses (especially zero tolerance) would be difficult to attain with spray-on stabilizers. From wind-tunnel tests with rainfall (Table  2) , we know that all treatments noted in Tables 6 and 7 effectively prevent soil loss immediately after application. However, the degree of deterioration (presumably linear) at 6 or 7 wks after application is indicated by the soil losses given in Tables 6 and 7 . Assuming that a treated soil surface stabilizes within the 4-min wind-tunnel test period (visual movement generally ceased after 1 or 2 min) and that crop protection is not needed after 6 or 7 wks, products that could be used with various vegetable crops are included in Table 8 .
Economic considerations will largely determine the use of spray-on stabilizers for agricultural purposes. Stabilizer costs, excluding transportation (freight), are included in Tables 6, 7 , and 8. Of the stabilizers effective for 6 to 7 wks, asphalt emulsion and Coherex were the most economical. However, costs given are bulk prices for both as supplied in trucks or railroad tank cars in minimum amounts of 800 gal. Prices for 55-gal drums are about twice the bulk prices. Neither product cost compares favorabily with use of vegetative strips, such as rye, oats, or barley (Drullinger and Schmidt 1968). The price of TRI-DAR 100 increased from $1.00 per gal in August 1973 to $3.75 per gal in November 1973, accounting for the high cost noted in Tables 7 and 8 . Except for Ammonium Lignosulfonate (and perhaps CMC-7H and 7HC), any of the laboratory-tested products of Table 2 -at water-dilution ratios of 1:1 and applied at minimum total vol- umes of 400 gal per acre-would effectively reduce soil losses by wind for 6 or 7 weeks. However, at such rates all products, except asphalt emulsion and Coherex, would cost more than $200 per acre-too expensive to apply even on high-value crops.
Other considerations in using stabilizers must include costs of storage and high-volume spraying equipment, costs of herbicides, extra labor for handling large volumes, and extra time required during seeding operations. Asphalt emulsions gum up gear and roller pumps and may gum up centrifugal pumps unless run continuously; thus, pressurized tanks are more reliable, but an air compressor is needed in lieu of a pump. Fortunately, large nozzles are required to apply the needed volumes, lessening nozzle plugging. However, we recommend straining of asphaltic products to remove bits of solids that could plug nozzles.
An important deterrent to use of spray-on stabilizers is lack of effective weed control with preemergence herbicides. Although some weed species are controlled, others may proliferate from reduced competition, as puncturevine did in our studies. Therefore, knowledge of weed species on particular fields and availability of herbicides for their control would be essential before attempting to use stabilizers in row crops for temporary wind-erosion control.
Laboratory screening tests help (a) identify handling problems, (b) provide information on solution stability, and (c) identify products that are obviously too expensive, but they do not help determine amounts that must be applied in the field where they must remain effective 6 to 7 wks. For example, 18 gal per acre of asphalt emulsion prevented erosion in laboratory tests with high-intensity rainfall (Table 2 ), but 200 gal per acre were required in field tests (Table 6 ).
All our tests involved sandy (coarsetextured) soils, the soils most susceptible to wind erosion. Chepil et al. (1963) did not recommend Coherex for very-fine-textured soils because it disintegrates rapidly, and they reported that asphalt emulsions disintegrate more rapidly on fme-textured than on coarse-textured soils. Both products probably would disintegrate rapidly on organic (muck) soils.
Unless more economical products are developed and weed-control prob- lems solved, we think spray-on stabilizers will have limited use in controlling wind erosion on agricultural fields. For soil stabilization, they will likely remain special-use products, such as to establish turf on home lawns and golf courses, to establish vegetation along highways and around airfields, and to control dust of ash heaps, coal piles, and finely granulated products being transported in open-top conveyors.
SUMMARY
We evaluated 13 commercial soil stabilizers in laboratory wind-tunnel and raintower tests for their effectiveness in preventing soil movement by wind. Those tests showed that higher total application volumes and/or lower water-dilution ratios were required if stabilizer-treated soils were subjected to rainfall before being exposed to wind.
In greenhouse tests, emergence of beans and alfalfa was not affected by stabilizers applied to soil surfaces after seeding.
Field trials were made at three sites in northeastern Kansas using selected stabilizers found effective in laboratory tests. In two field trials, water-dilution ratios were too large and/or total application volumes too low to protect soil effectively against wind 6 to 7 wks after application.
In two field trials, five stabilizers reduced soil losses (measured in wind-tunnel tests 6 or 7 wks after application) to less than 1 ton per acre. Those stabilizers, all applied at total volumes of 400 gal per acre, were cationic asphalt emulsion at 1:1 water dilution ratio; Coherex at 1:1 water-dilution ratio; a mixture of Coherex and TRI-DAR 100 at 2:1 and 49:1 water-dilution ratios, respectively; TRI-DAR 33/1 at 2:1 water-dilution ratio; and TRI-DAR 100 at 9:1 and 4:1 water-dilution ratios. Coherex is a petroleum resin-in-water emulsion, and the two TRI-DAR products are linseed oil-based emulsions.
Only asphalt emulsion and Coherex appear economically feasible for use in preventing wind erosion during emergence and early growth of high-value crops. Although effective in preventing wind erosion, those products will not aid growers unless preemergence herbicides are available to control all weed species on particular fields.
Laboratory-screening tests did not help determine amounts of stabilizers required in field applications where they must remain effective for 6 to 7 wks.
Results of our studies apply only to sandy (coarse-textured) soils.
charge. Although restrictions to subsurface flow may exist, the perched mounds that form neither reach the basin surface nor limit recharge rates.
CONCLUSIONS
The following conclusions were made as a result of investigations on the Southern High Plains to artificially recharge the Ogallala aquifer with turbid storm runoff through excavated basins.
1 Most suspended solids in playa water were deposited on or near the surface during basin recharge, except during tests where cracking of the basin surface while flooded allowed sediment deposition at undetermined depths below the basin surface.
2 Although plugging was related to the amount of suspended solids introduced into the basin with the recharge water, the total amount of suspended solids required to cause plugging varied by an order of magnitude between tests. Differences were due primarily to the effects of surface cracking; however, other factors, such as water quality and nature of suspended solids, may exert an influence. The factors causing surface cracking during flooding have not been determined.
3
The major factor limiting recharge of turbid water through excavated basins was plugging on or near the surface. Underlying sedimets were permeable, and perched mounds that formed on the caprock did not influence basin recharge rates. While substantial quantities of turbid water can be recharged through excavated basins, pretreatment to remove part of the suspended solids load should improve basin performance.
